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ABSTRACT

Background. The microbial decomposition of soil organic carbon (SOC) is a major
source of carbon loss, especially in ecologically fragile regions (e.g., the Tibetan
Plateau), which are also affected by global warming and anthropogenic activities (e.g.,
fertilization). The inherent differences between bacteria and fungi indicate that they
are likely to play distinct roles in the above processes. However, there still have been no
reports on that, which is restricting our knowledge about the mechanisms underlying
SOC decomposition.

Methods. A long-term nitrogen (N) and phosphorus (P) addition field experiment was
conducted to assess their effects on soil microbial, fungal, and bacterial respiration (RM,
RF, and RB, respectively) and temperature sensitivity (Q10; at 15 °C, 25 °C, and 35 °C)
using cycloheximide and streptomycin to inhibit the growth of fungi and bacteria.
Results. We found that N suppressed RM and RF at all temperatures, but RB was only
suppressed at 15 °C, regardless of the addition of P. The addition of N significantly
decreased the ratio of RF/RM at 35 °C, and the combined NP treatment increased the
Q10 of RB but not that of RF. Results of the redundancy analysis showed that variations
in soil respiration were linked with NO3 ™ -N formation, while the variations in Q10 were
linked with SOC complexity. Long-term N addition suppressed RM by the formation of
NO3™-N, and this was mediated by fungi rather than bacteria. The contribution of fungi
toward SOC decomposition was weakened by N addition and increasing temperatures.
Combined NP addition increased the Q10 of RB due to increased SOC complexity.
The present study emphasizes the importance of fungi and the soil environment in
SOC decomposition. It also highlights that the role of bacteria and SOC quality will be
important in the future due to global warming and increasing N deposition.
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INTRODUCTION

Soil microbial respiration (RM) is a key process that drives carbon (C) emissions from
underground ecosystems into the atmosphere (Bond-Lamberty ¢ Thomson, 2010). A
small change in RM could consequently have a notable impact on the global C cycle. The
temperature sensitivity (Q10) of RM is an important parameter in the models that are
used to extrapolate the potential effects of climate change. The enzyme kinetics hypothesis
proposes that Q10 is negatively related to substrate quality (i.e., the C quality-temperature
hypothesis), and this has been supported by both experimental and modeling studies
(Fierer et al., 2005; Davidson ¢ Janssens, 2006; Hartley & Ineson, 2008; Craine et al., 2013;
Wagai et al., 2013); however, contradictions to the hypothesis have also been reported
(Fang, Smith & Smith, 2005; Rey & Jarvis, 2006). Accumulating evidence has also shown
that RM and Q10 are not constant but are affected by multiple factors, such as the soil
temperature, moisture, and nutrition level as well as its microorganisms (Von Liitzow ¢
Kaogel-Knabner, 2009; Davidson & Janssens, 2006; Wang et al., 2017).

Nitrogen (N) inputs caused by N deposition and fertilization can alter the quantity
and quality of soil organic matter (SOM) (Shahbaz et al., 2017; Zang et al., 2017; Wen
et al., 2019a; Wen et al., 2019b; Zang et al., 2020) as well as the associated microbial
communities (Dai et al., 2018), all of which can affect RM and its Q10 (Guo et al., 2017).
Alterations in the levels of available nutrients due to fertilization can also affect microbial
C use efficiency (Zang et al., 2017). The Q10 of the labile C pools is usually lesser than (Xu
et al., 20105 Lefevre et al., 2014) that of the recalcitrant pools, although opposite (Fierer
et al., 2005) and neutral effects (Fang, Smith ¢ Smith, 2005) have also been detected.
Thus, the absolute levels of labile and recalcitrant pools or their ratios are changed due
to fertilization and can drive the Q10 of SOM. However, the effects of N addition on
Q10 remain controversial (Li et al., 2019; Xiao et al., 2020). In addition, phosphorus
(P) deposition have become an important source of P globally (Ahn ¢ James, 2001).
A previous study showed that there was no significant influence of P addition on the
Q10 of soil microbial respiraiton, but the addition of excess P in the N + P treatment
increased Q10 (Wang et al., 2017). These results suggest that the effect of P on Q10 may
be dependent on N availability. Furthermore, a long-term experiment conducted in a
Tibetan alpine meadow showed that N + P treatment increased Q10 (Guo et al., 2017),
which was in contrast to the suppressive effect of short-term N + P treatment on Q10
in the Chinese Loess Plateau (Wang et al., 2017). Therefore, a site-specific experiment is
currently required to further investigate the effects of the nutritional inputs on Q10, given
its high spatial (Li et al., 2018) and temporal (Yu et al., 2020) heterogeneity.

Both heterotrophic fungi and bacteria are major decomposers of SOM in soil ecosys-
tems, but they have many inherent differences, especially in their resource utiliza-
tion. Bacteria prefer to consume simple C compounds, while fungi compete for more
complex compounds. In addition, they differ in terms of their enzymatic capabilities
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(Boer et al., 2005), biomass turnover rates (Rousk ¢ Bddth, 2011), and C use efficiency (Six
et al., 2006), due to the differences in their morphological and physiological traits (Boer et
al., 2005; Strickland & Rousk, 2010). In general, fungi are multicellular organisms and are
often characterized by their hyphae, which confer benefits to fungi compared to bacteria,
as they have the ability to access and use complex materials (Lynd et al., 2002). Several
studies have reported that the C:N ratios of plant materials are negatively correlated
with the abundance of bacteria in the soil but positively associated with the abundance
of fungi (Henriksen ¢ Breland, 1999; Rousk ¢ Bddth, 2007; Poll et al., 2008). In addition,
the responses of fungi and bacteria to climate change are different (Y, Han ¢ Fu, 2019).
For example, fungi are more adapted to low temperatures than bacteria (Pietikiinen,
Pettersson ¢ Bddth, 2005; Bdrcenas-Moreno et al., 2009; Alster, Weller ¢ Von Fischer, 2018).
To the best of our knowledge, no previous studies have distinguish between the role of
fungi and bacteria in soil respiration and related Q10 responsed to nutrient addition. Such
studies, however, could help us to further understand the mechanisms underlying soil
organic C (SOC) decomposition and its responses to disturbances, such as climate change.
The Tibetan Plateau is the highest and largest plateau on earth, and the effects of global
warming on this region have been markedly more severe than those on other areas,
making this plateau an ideal site to study SOM decomposition rates and Q10 values (L:
et al., 2018). Given the relative increase in large molecule fractions with sufficient energy
to react, the alpine soils are predicted to have larger Q10 values and be at a higher risk of
experiencing C losses in response to global warming (Von Liitzow & Kigel-Knabner, 2009;
Zheng et al., 2009; Wagai et al., 2013). In addition, the Tibetan Plateau has experienced
unprecedented anthropogenic disturbances, such as grazing, N deposition, and fertiliza-
tion (Harris, 2010; Liu et al., 2015). While some studies have investigated the effects of N
and P addition on soil C pools and RM and its Q10 on the Tibetan Plateau (Guo ef al.,
2017; Luo et al., 2019), they have regarded soil microorganisms as a single community
ignoring the different roles of bacteria and fungi, which has restricted our knowledge
about the mechanisms underlying SOC decomposition. Thus, in the present study, we
conducted a long-term N and P addition field experiment on the Tibetan Plateau, using
cycloheximide and streptomycin to inhibit the growth of fungi and bacteria, respectively,
to separately analyze their respiration and Q10. Redundancy analysis between them
and soil physicochemical properties and soil organic carbon complexity(the ratio of
recalcitrant carbon in soil organic carbon) to explore the potentially mechanism. We
hypothesized the following: (1) N and P addition would suppress soil RM and increase
its Q10. (2) Fungal respiration (RF) and its Q10 would be higher than those of bacteria
following nutrient addition.

MATERIALS AND METHODS

Study area

The site used for the experiment was near the Haibei Alpine Grassland Ecosystem
Research Station (37°36'N; 101°19'E; elevation 3,215 m) of the Northwest Institute of
Plateau Biology, Chinese Academy of Science. The climate at the site is characterized
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by a short, cool summer and long, severely cold winter. The annual mean temperature

is —2 °C. The annual mean precipitation is 500 mm, of which >80% occurs during the
summer. The plant community is dominated by species, such as Kobresia humilis, Elymus
nutans, and Festuca ovina; the soil is Gelic Cambisol (WRB, 1998). A detailed description
of this has previously been reported (Chen et al., 2020).

Experiment design for N and P addition

Four nutrient application blocks were constructed in May 2009. Each block consisted of
four 6 m x 6 m plots . For N treatment, N was supplied in the form of urea at a rate of

10 g N-m~2 y~!. For P treatment, P was added as a triple superphosphate at the rate of
5¢gP m—2 y_l. For NP treatment, N and P were co-administered as a combination of urea
and triple superphosphate at rates of 10 g N m~2y~! and 5 g P m—2 y~!, respectively. For
the control (CK) treatment, the nutrients were supplied at rates simulating those typically
applied to the alpine grasslands of the Tibetan Plateau (Jing ef al., 2016). The rate of N
addition (10 g N m~2 y~!) was higher than the rate of natural N deposition (Jia et al.,

2014).

Soil sampling and microcosm experimental setup

After surface litter removal, soil cores were collected randomly from the topsoil (0—

10 cm) in 2018. Samples from each plot at the same depth were pooled, packed in zip-lock
polyethylene bags, stored on ice, transported to the laboratory, and passed through a 2-
mm sieve for analyzing soil properties; the methodology of soil and vegetation properties
has been reported in detail in a previous study (Chen et al., 2020). The estimate of soil
nitrate-nitrogen (NO3~ -N) and ammonium (NH4-N) in fresh soil by using continuous
flow autoanalyzer (AutAnalyel, Bran + Luebbe GmbH, Norderstedt, Germany), which
were extracted in 1 M KCI (Wu et al., 2021). A liquid TOC II analyzer (Elementar
Analyses System, Hanau, Germany) was used to estimate the dissolved organic carbon
(DOC) concentration in fresh soil after extraction with distilled water (Jones ¢~ Willett,
2006). Before measuring soil properties, soil samples were air-dried and finely ground.
The SOC content assay was performed by using the Walkley-Black method (Nelson ¢
Sommers 1982), and soil total nitrogen content was assayed by the Kjeldahl method
(Bremmner & Mulvaney, 1983). Total phosphorus (TP) content was assayed colorimetrically
after H,SO4 and HCIO, digestion. We measured soil pH was measured with a pH meter
(1:5 soil to water ratio) (Metrohm 702, Herisau, Switzerland). The belowground biomass
of vegetation was collected from soil cores (0-10 cm) in each plot using the soil auger (five
cm diameter). All plant roots samples were transferred to the laboratory and oven dried
(48 h at 65 °C) then weighed as belowground biomass.

Fungal and bacterial contributions to CO, production were measured by four
antibiotic treatments in the microcosm experiment: (1) antibiotic-free control; (2) soil
with added streptomycin (2.0 mg g~! soil); (3) soil with added cycloheximide (8.0 mg
g~ ! soil); and (4) soil with added streptomycin and cycloheximide. Bacterial respiratory
potential with the soil CO, fluxes was estimated using the equation: A—B; where A is the
soil CO, flux in the antibiotic-free control, and B is the CO, flux in the soil treated with
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streptomycin. This equation was also used to calculate fungal contribution by replacing B
with the CO; flux in the soil treated with cycloheximide.

Soil samples (20 g dry weight) were placed in 250-milliliter glass Mason jars and
adjusted to 60% water holding capacity (He et al., 2013) by adding deionized water.
They were then kept at 25 °C for 7 days in an incubator with automatic temperature and
moisture regulation to activate the microorganisms but minimize any disturbance to the
“pulse effect”. The glass Mason jars were sealed with parafilm that had small airways
to allow for ventilation while still reducing water loss (Fierer ¢ Schimel, 2002). The soil
samples were amended with glucose (2 mg g™! soil) and equably sprayed with antibiotic
solutions, followed by pre-incubation overnight at 4 °C to ensure the diffusion of antibi-
otics and glucose into the soil pores. The samples were then incubated at 15 °C, 25 °C,
or 35 °C for 7 days to measure their CO, production. For each temperature, there were
four fertilization treatments and four field blocks (replications). Each replication included
four antibiotic treatments and each of these consisted of three technical repetitions. The
average from the three technical repetitions for each antibiotic treatment was calculated
for further analysis.

The inhibitor additivity ratio (IAR) was used to determine if the antibiotics exerted
non-target effects (i.e., effects on non-target organisms). This was estimated using the
following equation: (A—B) + (A—C)/(A—D); where A, B, C, and D represent the CO,
fluxes in the antibiotic-free control, streptomycin-amended, cycloheximide-amended,
and combined antibiotic-treated soils, respectively. An IAR of ~1.0 indicated that the
inhibitory effects of streptomycin and cycloheximide were not confounded (Beare et al.,
1990; Chen, Mothapo ¢ Shi, 2014). We calculated the Q10 values in accordance with the
following example, the Q10 of RM: the respiration rates at three different measurement
temperatures were used to fit an exponential function according to R = A * eT. Then,
Qo was calculated as e!%°. Here, R was RM at 15 °C, 25 °C, or 35 °C. The Q10 values of
soil bacterial respiration (RB) and RF were similar to those of RM (He ef al., 2018).

Gas sampling and measurement

Changes in the slope of CO; production (ppm) were measured in real time using an
automatic system (G2301, Picarro, USA) in the dark. Soil RM potential was calculated
following He et al. (2013). A detailed description of this seen in Appendix S2.

Data analysis

Two-way ANOVA (analysis of variance)with Duncan’s multiple range test was performed
to detect the effects of the nutrient treatment and elevated temperature on RM, RB, RF,
RF/RM, and RB/RM. One-way ANOVA with Duncan’s multiple range test was performed
to detect the effect of nutrient treatment on Q10. An independent ¢-test was performed
to detect the differences between RF/RM and RB/RM under the same temperature and
treatment. Before performing the above-mentioned analysis, the variables that were

not satisfied by the assumption of normality were log-transformed. All analyses were
performed with IBM SPSS Statistics 22 (IBM, Armonk, NY, USA), and the redundancy
analysis (RDA) was conducted using Canoco 5.0 software (Microcomputer Power, Ithaca,
NY, USA).

Chen et al. (2022), PeerJ, DOI 10.7717/peerj.12851 5/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.12851#supp-2
http://dx.doi.org/10.7717/peerj.12851

Peer

RESULTS

Soil microbial, bacterial and fungi respiration

Results from the two-way ANOVA showed that nutrient and temperature significantly
affected RM, RB, and RF, but the nutrient and temperature interactions only affected

RB (Table S1). N and NP treatment suppressed RM and RF at 15 °C, 25 °C, and 35 °C

(P < 0.05) and RB at 15 °C (P < 0.05; Fig. 1). Except for the negative effect on RF at
35°C (P < 0.05; Fig. 1), P treatment had no effect on RF at other temperatures or RM

or RB (Fig. 1). With N addition, the RM at 25 °C and 35 °C was higher than that at 15 °C
(P < 0.05; Fig. 1). With N and P addition, RB and RF at 25 °C were higher than those at
15°Cand 35 °C (P < 0.05; Fig. 1).

Nutrient addition, temperature, and their interactions significantly affected the ratio
of RE/RM (P < 0.05; Table S2). However, in case of ratio of RB/RM was significantly
affected by temperature only (P < 0.05). At 35 °C, N addition significantly decreased the
ratio of RF/RM (P < 0.05; Table S3).

Q10 of soil microbial, bacterial and fungi respiration

The treatments had no effect on the Q10 of RM and RF (Fig. 1). While N and P treat-
ments did not alter the Q10 of RB, their interactions in NP treatment increased the Q10
of RB (P < 0.05; Fig. 1).

Relationship of soil respiration and its Q10 with soil chemical
properties and C complexity

The relationship between soil respiration and its Q10 and soil chemical properties and
C complexity are shown in the redundancy analysis results (Figs. 2 & 3). The presented
values explained 77.2% of the soil respiration variance (Fig. 2) and 76.1% of the soil
respiration Q10 (Fig. 3). NO3~-N formation could explain 22.9% (P < 0.05) of the
soil respiration variation (Fig. 2), and SOC complexity could explain 20.8% of the Q10
variation (Fig. 3).

DISCUSSION

Response of soil microbial, bacterial and fungi respiration to nutrient
addition and temperature

At the adjacent site, nutrient addition for 4 years was found to increase RM, and this

was ascribed to increased extracellular enzyme activities and labile SOC levels (Luo et al.,
2019). However, after more than 9 years of treatment, N addition was found to suppress
RM at all temperatures regardless of P addition. These results support the prediction

that N addition initially stimulates and then gradually suppresses RM (Zhou et al., 2014).
During short-term fertilization, N addition could accelerate soil RM by: (1) promoting
plant growth and thus increasing soil C input (Hoegberg et al., 2006; Zhou et al., 2014);
(2) alleviating the N limitations of the soil microorganisms to improve the growth of
microbes in the soil and their enzymatic metabolism (Luo et al., 2019); and (3) increasing
the labile C stock, most likely through the activation of fresh C to the mineralization of
ancient C (Fontaine et al., 2007). In the long-term, nutrient enrichment could alter the
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Figure 1 The respiration and Q10 at different treatments and temperatures. Soil microbial respiration
rates at 15 °C (A), 25 °C (D) and 35 °C (G), bacterial respiration rates at 15 °C (B), 25 °C (E) and 35 °C
(H), fungi respiration rates at 15 °C (C), 25 °C (F) and 35 °C (I) and Q10 of soil microbial respiration (J),
soil bacterial respiration (K) and soil fungi respiration (L) are shown. Data are means £ SE. The differ-
ent lowercase letters above the bars denoted significant differences under control (CK), nitrogen (N) addi-
tion, phosphorus (P) addition and nitrogen & phosphorus (NP) addition (P < 0.05). The different upper-
case letters above the bars denoted significant differences among different temperatures (15 °C, 25 °C and
35°C) (P <0.05).

Full-size & DOLI: 10.7717/peerj.12851/fig-1

plant community composition. Previous studies (Yarng et al., 2014a; Yang et al., 2014b)
including those conducted at the the same site (Luo et al., 2019; Chen et al., 2020) found
that nutrient addition mediated the dominance of community members, because of
their different efficiency to take up available nutrients. This may increase the ratio of
recalcitrant SOC to labile SOC (Janssens et al., 2010; Guo et al., 2017), making SOM
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Figure 2 Redundancy analysis (RDA) of respiration at different treatments and temperatures. Soil mi-
crobial respiration at 15 °C (RM15), 25 °C (RM25) and 35 °C (RM35), soil bacterial respiration at 15 °C
(RB15), 25 °C (RB25) and 35 °C (RB35) and soil fungi respiration at 15 °C (RF15), 25 °C (RF25) and
35 °C (RF35) under control (CK), nitrogen (N) addition, phosphorus (P) addition are shown. BelwBiom,
belowground biomass; TO, total organic carbon; TN, total nitrogen; C:N, the ratio of TOC to TON; TP,
total phosphorus; PH, pH; DO, dissolved organic carbon; DON, dissolved organic nitrogen; NOs, nitrate
nitrogen; NH,4, ammonium nitrogen and SOCCompl, SOC complexity. Two asterisks (**) indicate P <
0.05, * indicates P < 0.1.

Full-size B8 DOI: 10.7717/peerj.12851/fig-2

decomposition more difficult. Although the increase in SOC complexity with N addition
(data not shown) might support this viewpoint, the redundancy analysis did not identify
it as a significant effect. Some studies have also found that N addition can suppress soil
RM due to abiotic factors (e.g., acidic soil) (Treseder, 2008). However, the RM did not
change with PH responsing to nutrient addition, and we did not identify any significant
contributions from other soil physicochemical properties in the redundancy analysis
results in the current study. N addition could shift the fungal dominance of the soil
microbial community to bacterial dominance (Treseder, 2008; Yuan et al., 2020). After
labile SOC that is degraded by the bacteria is exhausted, in accordance with the negative
effect of N addition on O-alkyl C levels, as reported by Yuan et al. (2020), microbial
growth and related enzyme production would be decreased, SOC would be stabilized

in heavier, and RM would gradually be weakened (Neff et al., 2002; Guo et al., 2017).

We found that single N addition had negative effects on the ratio of RF/RM but not

that of RB/RM. Consequently, shifts in the soil microbial community due to nutrient
addition might partially alter respiration. Finally, increased available N levels, implied by
a higher NO; ™ -N level after N addition in our study (Chen et al., 2020), might suppress
microbial gene expression or enzymatic processes related to SOC decomposition. For
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Figure 3 Redundancy analysis (RDA) of Q10 at different treatments and temperatures. The Q10 of soil
microbial respiration(QM), Q10 of soil bacterial respiration(QB) and Q10 of soil fungi respiration(QF)
are shown. BelwBiom, belowground biomass; TO, total organic carbon; TN, total nitrogen; C:N, the ratio
of TOC to TON; TP, total phosphorus; PH, pH; DOC, dissolved organic carbon; DON, dissolved organic
nitrogen; NOjs, nitrate nitrogen; NH,, ammonium nitrogen and SOCCompl, SOC complexity. Two aster-
isks (**) indicate P < 0.05, An asterisk (*) indicates P < 0.1.

Full-size Gl DOI: 10.7717/peerj.12851/fig-3

example, the expression of the ligninolytic enzyme-coding gene (Edwards et al., 2011),
oxidative enzyme levels (Cusack et al., 2010), and some N-mining processes, which can
degrade SOC as a substrate to obtain N in a N-limited environment, were repressed by N
fertilization (Craine, Morrow ¢ Fierer, 2007). This pathway was supported by the results
of our redundancy analysis and the increased NO3;~-N content (Chen et al., 2020).

The ratio of RF/RM was higher than that of RB/RM for all treatments at all tempera-
tures (Table 52), suggesting that the suppressive effect of N treatment on RM was mainly
mediated by soil fungi. The dominant role of fungi in RM and their responses to nutrient
addition might be explained by the differences between the physiological and ecological
traits of the fungi and bacteria. Due to the slow biomass turnover rates (Rousk ¢ Bddth,
2011), broad enzymatic capabilities (Boer et al., 2005), and high efficiency for C use
(especially complex substrates) (Six ef al., 2006) compared with those of bacteria (Lynd
et al., 2002), fungi could contribute more to SOC decomposition. Furthermore, owing to
strong environmental selection, there were only a few dispersal limitations for the fungi
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and a more highly connected and positively dominated network compared with those for
the bacteria, which could also improve fungal dominance (Xiao et al., 2018). However, at
35 °C, the ratio of RF/RM decreased with N addition, and this was likely due to a decrease
in the ratio of plant C:N (Henriksen ¢ Breland, 1999; Rousk ¢ Bddth, 2007; Poll et al.,
2008) or a decreased dominance of the fungi in the soil microbial community ( Treseder,
2008; Yuan et al., 2020). This indicated that soil N levels increased due to N deposition or
fertilization, and this would mean that with future climate warming, the contributions of
the fungi to SOC depositions would be weakened.

The responses the Q10 of soil bacterial respiration to N and P
addition

The results showed that only NP treatment increased the Q10 of RB. In general, the
Q10 of soil RM was mainly determined by substrate availability, substrate quality, and
soil microorganisms (Von Liitzow ¢ Kogel-Knabner, 2009), and these factors mediated
the effects of biotic factors, such as nutrition, water, and vegetation. The redundancy
analysis results showed that only SOC complexity determined the Q10 variations, and our
unpublished data also showed that N addition increased SOC complexity. The increase
in Q10 value following NP treatment could thus be mediated by soil quality according
to the enzyme-kinetics hypothesis (Davidson ¢ Janssens, 2006). In contrast to the Q10
of fungi always being higher than that of bacteria (Alster, Weller ¢~ Von Fischer, 2018),
NP treatment increased the Q10 of RB rather than that of RF. This could have occurred
because increased SOC complexity with nutrient addition was more recalcitrant for
bacteria than fungi. In addition, the more difficult the substrate is to decompose, the
higher is its Q10 value (Davidson & Janssens, 20065 Wagai et al., 2013).

CONCLUSION

Long-term N addition suppressed RM by NO3~-N formation, which was mediated by
fungi rather than bacteria. As the temperature increased, the contribution of fungi to
SOC decomposition weakened with the addition of N. NP addition increased the Q10
of RB due to increased SOC complexity. This study not only emphasizes the importance
of fungi and soil environment in SOC decomposition, but also highlights the role of
bacteria and SOC quality in the future, especially when considering global warming and
N deposition.
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